The protein kinase Aurora A (AurA) is essential for the formation of bipolar mitotic spindles in all eukaryotic organisms. During spindle assembly, AurA is activated through two different pathways operating at centrosomes and on spindle microtubules. Recent studies have revealed that these pathways operate quite differently at the molecular level, activating AurA through multifaceted changes to the structure and dynamics of the kinase domain. These advances provide an intimate atomic-level view of the finely tuned regulatory control operating in protein kinases, revealing mechanisms of allosteric cooperativity that provide graded levels of regulatory control, and a previously unanticipated mechanism for kinase activation by phosphorylation on the activation loop. Here, I review these advances in our understanding of AurA function, and discuss their implications for the use of allosteric small molecule inhibitors to address recently discovered roles of AurA in neuroblastoma, prostate cancer and melanoma.
Introduction
The Aurora kinases are essential components of the mitotic machinery in all eukaryotic organisms. Members of this protein family were first discovered in Drosophila, where mutations in the aur-a gene cause severe mitotic defects including failure of centrosome separation and formation of monopolar spindles [1] . A closely related kinase was identified independently in budding yeast in a screen for mutants defective in chromosome segregation (Ipl1, increase-in-ploidy 1) [2] . Further studies in Drosophila, Caenorhabditis elegans and Xenopus clarified that these metazoan organisms possess two different Aurora kinases with distinct functions in mitotic cells [3, 4] . The mammalian orthologues of these Aurora kinases, now called Aurora A (AurA) and Aurora B, were subsequently found to be amplified in several cancers [5, 6] , spurring rapid progress in dissecting the biological functions of this kinase family. AurA is localized to the poles of mitotic cells and plays a central role in the assembly of bipolar spindles. In contrast, Aurora B is found at the spindle midzone and regulates the spindle attachment of the chromosomes, as well as cytokinesis. Mammals also possess a third Aurora kinase, Aurora C; expressed predominantly in testes, its function is relatively poorly understood [7, 8] .
AurA first associates with centrosomes in the G2 stage of the cell cycle, where it helps drive the process of centrosome maturation, in which the pericentriolar material, such as the γ-tubulin ring complex, is recruited to the centrosomes to promote the nucleation of microtubules [9] . Centrosomal AurA also plays an important role in the G2/M transition through a pathway involving direct phosphorylation and activation of the polo-like kinase PLK1 [10, 11] . Later in mitosis, in metaphase, a separate pool of AurA associates with the centrosome-proximal microtubules of the spindle, where it plays important roles in the assembly and function of the bipolar spindle [12] .
The discovery that Aurora kinases are widely overexpressed in a variety of solid tumors led to considerable interest in targeting the Aurora kinases, and several inhibitors entered clinical trials starting in the late 2000s [13, 14] . Although preclinical studies of many AurA inhibitors showed efficacy in various cancer models, by and large clinical response rates in patients with solid tumors have been disappointing [15] . As observed with inhibitors targeting other kinase families [16, 17] , poor responses in trials were probably exacerbated by a lack of an established causal link between AurA overexpression and tumorigenesis, poor understanding of the differential roles of AurA in different cancers and patient populations, and the inability to appropriately stratify patients accordingly. Recently, however, specific biochemical roles have been identified for AurA in the pathogenesis of melanoma, where a hyperactivated form of the kinase causes chromosome instability and DNA damage, and in neuroblastoma and prostate cancer, where AurA blocks degradation of the oncogenic transcription factor N-Myc [18] [19] [20] . In these cases, AurA forms multiprotein complexes with biochemical, structural and dynamic properties that are distinct from those of AurA in normal cells. These advances in understanding specific mechanistic roles of AurA in disease are catalyzing renewed clinical interest in AurA inhibitors for these patient populations. It is hoped that greater understanding of the distinctive features of disease-associated AurA, particularly its unique dynamics, may aid the design of novel therapeutics that selectively target these forms of the kinase.
The unique allosteric properties of AurA stem from the loss of the regulatory hydrophobic motif found in the closely related AGC kinases
The mammalian Aurora kinases consist of a highly conserved C-terminal kinase domain and a much less conserved N-terminal domain of varying length ( Figure 1A ). The function of the N-terminal domain of AurA is still poorly understood, but it includes a role in targeting the protein for ubiquitination by the anaphase promoting complex, which mediates its degradation late in mitosis [21, 22] . The N-terminal domain has also been reported to play some role in restraining the catalytic activity of the kinase domain [23] , although the inhibitory effects appear to be modest compared with those mediated directly through the kinase domain, and most studies have focused on the latter regulatory mechanisms. These include autophosphorylation of a conserved threonine on the activation loop of the kinase domain (T288 in human AurA, shown in blue in Figure 1A ), as well as protein-protein interactions with the spindle assembly factor Tpx2 (targeting protein for Xklp2, shown in magenta in Figure 1A ).
Although the Aurora kinases have been grouped phylogenetically into their own family outside the seven main clades of eukaryotic protein kinases (ePKs), their kinase domains are quite closely related to those of the AGC-family kinases and the polo-like kinases [24] . Indeed, the kinase domain catalytic core of AurA shares close to 40% sequence identity with several AGC kinases and with the polo-like kinase PLK4, which is similar to the degree of sequence conservation found within these two other families [24] . Many of the functional and regulatory properties of AurA can be viewed as variations on the general themes found in the AGC kinases.
All ePKs have a similar three-dimensional structure consisting of an N-terminal lobe (N-lobe) that is predominantly β-sheet, and a C-terminal lobe (C-lobe) that is mostly α-helical, with the active site cleft formed between the lobes ( Figure 1A) . In most kinases, the series of β-strands that comprise the N-lobe is interrupted by a single α-helix (called helix αC), which forms one wall of the active site and plays a central role in regulating kinase activity [25] . A second key regulatory structure, the activation loop, resides in the C-lobe, contains the conserved catalytic Asp-Phe-Gly (DFG) motif in the active site, and forms the binding site for substrate peptides at the base of the active site cleft ( Figure 1A ). The activation loop is a site of regulatory phosphorylation in most protein kinases [26] .
The Aurora kinases, PLKs and AGC kinases all share an additional α-helical segment in their N-lobes, missing in most other kinase families, that immediately precedes the αC-helix, and is termed αB ( Figure 1A ). The rigid αB helix acts as a spacer to separate the αC-helix from the core β-sheet of the N-lobe, resulting in a shallow pocket on the surface of the N-lobe above the αC-helix. This pocket, termed the PIF pocket (PIF stands for 'PDK1-interacting fragment'), is used as a surface for regulatory interactions. In the AGC kinases, a polypeptide motif present in the C-terminal tail, termed the hydrophobic motif (HM), binds in cis to the PIF pocket [27] , stimulating kinase activity ( Figure 1B) . A prominent difference between the AGC kinases and the Aurora kinases is that the C-terminal HM is missing in the latter. Instead, the PIF pocket of AurA has been repurposed for protein-protein interactions in trans that serve both a localization and an allosteric activation role. The spindle assembly factor Tpx2 recruits AurA to the mitotic spindle through an interaction with its PIF pocket ( Figure 1A ) that closely resembles that of the AGC kinases with their HMs [28] . It appears that many of the unusual allosteric and dynamic properties of AurA may stem from the loss of the HM and the repurposing of the PIF pocket, and are best understood in the light of AGC kinase regulation.
The regulation of the AGC-family kinases has been extensively studied [29] . The canonical activation pathway for AGC kinases is the co-ordinated phosphorylation of both the HM and the activation loop [30] . Phosphorylation of a residue near the HM by an upstream kinase, usually one of the mTOR complexes [31, 32] , primes the HM to interact with the PIF pocket of PDK1 [33, 34] which allows PDK1 to phosphorylate the activation loop of the other kinase and activate it. Docking of the phosphorylated HM back to its own kinase domain further increases kinase activity [35] . Thus, in most AGC kinases, PIF pocket engagement and activation loop phosphorylation are highly coupled events that activate the kinase in a concerted fashion. A key difference in the allosteric wiring of AurA compared with this canonical AGC model is that engagement of the PIF pocket by Tpx2, and phosphorylation of the activation loop on T288, have been partially uncoupled from one another, and that the enzyme is correspondingly more responsive to activation by either of these two regulatory inputs [36] . This seems to have allowed cells to utilize these inputs for two independent activation pathways of the kinase operating in different cellular contexts in mitosis.
Distinct activation mechanisms for two mitotic pools of AurA that co-operate in the assembly of bipolar spindles
The assembly of bipolar spindles is a critical function of mitotic cells essential for faithful segregation of the duplicated chromosomes into the two daughter cells [37] . AurA plays key roles in two distinct but complementary pathways of microtubule assembly required for the formation of bipolar spindles. These pathways were uncovered by elegant studies in Xenopus egg extracts, which showed that spindle microtubule assembly can be initiated independently by either the addition of chromatin to egg extract, or by the addition of sperm nuclei containing centrosomes, which act as microtubule organizing centers [38] [39] [40] . Although there is partial redundancy between the two pathways, in most cells both the chromatin-stimulated and centrosome-directed pathways are thought to be important for the faithful assembly of bipolar spindles.
Chromatin-stimulated microtubule assembly occurs through a RanGTP/Tpx2-dependent pathway in which release of the spindle assembly factor Tpx2 from importins around condensed chromatin by the small GTPase Ran results in the recruitment of AurA [12, 41, 42] , which phosphorylates the γ-tubulin ring complex adaptor NEDD1 [43] , and the microtubule binding protein HURP [44] , promoting microtubule nucleation. Once the bipolar spindle forms, this Tpx2-associated pool of AurA redistributes along the spindle microtubules [45] . In contrast, the role of AurA in centrosome maturation and centrosome-driven spindle assembly is independent of Tpx2 [12] , and instead involves recruitment of AurA to the centrosome by the centrosomal scaffolding protein Cep192 [46] , as well as interactions with other proteins such as Ajuba [47] . Subsequent phosphorylation of the microtubule stabilizing protein TACC3 by activated centrosomal AurA is a key step in promoting efficient microtubule nucleation at centrosomes [48, 49] .
Considerable effort has been invested in dissecting the mechanisms governing activation of the two mitotic pools of AurA localized to the spindle and to the centrosome. The emerging consensus is that the centrosomal pool of AurA is activated by autophosphorylation on residue T288 in the activation loop, whereas the spindle microtubule-associated pool is instead allosterically activated by the interaction with Tpx2. Specifically, the binding of AurA to Cep192 drives AurA oligomerization, autophosphorylation and activation at centrosomes [46, 50] , although the molecular mechanism of autophosphorylation has been controversial [51, 52] . The Cep192/AurA interaction is required for centrosomes to function as microtubule organizing centers, and Cep192 itself is essential for both centrosome maturation and spindle assembly in C. elegans and human cells [53, 54] . After autophosphorylation of AurA, the interaction with Cep192 appears to become dispensable, as phosphorylated AurA can promote microtubule assembly at the centrosome even if displaced from Cep192 [46] . In contrast, Tpx2-associated AurA appears to function largely independently of phosphorylation on T288. Although Tpx2 can stimulate AurA autophosphorylation in vitro [55] , RanGTP-stimulated microtubule assembly does not seem to drive efficient AurA autophosphorylation under physiological conditions [46] , and a T288A mutant of AurA does not impair this specific pathway, but does block the centrosomal functions of AurA [56] . In support of this, numerous studies using phosphospecific antibodies against T288 have observed that while AurA protein is localized both to the centrosomes and to the microtubules of bipolar spindles, T288-phosphorylated AurA is only observed at the centrosomes [18, 46, 56, 57] . The phosphatase PP6 has been shown to be important for maintaining Tpx2-associated AurA in the unphosphorylated state [58] .
Collectively, these studies point to the existence of two largely independent activation pathways for AurA in mitotic cells. This view is consistent with recent work showing that AurA can be activated independently by Tpx2 or by phosphorylation on T288 by up to ∼100-fold in vitro [36, 51, 52, 59 ]. Together, they support an emerging picture that the tight coupling of PIF pocket engagement and activation loop phosphorylation that operates in the AGC-family kinases has been largely lost in AurA, where these two regulatory inputs operate more independently. Surprisingly, this decoupling can be traced to a unique feature of the active site of AurA.
A water-mediated allosteric network in the active site allows AurA to be activated independently by either Tpx2 binding or phosphorylation on T288
A central feature of activated protein kinases is the assembly of an interlocked network of hydrophobic amino acids, termed the regulatory spine, that stabilizes the active conformation of the kinase domain [60, 61] . The regulatory spine consists of one residue from the N-terminal β-sheet, a residue on the αC-helix, the phenylalanine residue of the catalytic Asp-Phe-Gly (DFG) motif, and an additional residue in the C-lobe ( Figure 2A ). The assembly of the spine locks the N-and C-lobes of the kinase together, trapping the DFG motif between them in a catalytically competent conformation in which the DFG Asp residue can co-ordinate Mg-ATP ( Figure 2A , right panel). In the autoinhibited states of protein kinases, this structure is usually disassembled to block kinase activity, either by rearrangements of the DFG motif, or by movements of the αC-helix, or by both [25] .
A salient feature of the regulatory spine is its high degree of hydrophobicity. However, in the Aurora kinases, the regulatory spine residue emanating from the αC-helix, referred to here as the αC spine residue, is instead a polar glutamine residue ( Figure 2B ), in contrast with the leucine or methionine residues found at this position in >75% of all ePKs ( Figure 2C ). This highly unusual glutamine is conserved in the Aurora kinases of all eukaryotes, including yeast Ipl1, suggesting that it plays an important functional role unique to this subfamily.
It was recently shown that the αC spine glutamine residue, Q185 in human AurA, mediates an extensive network of hydrogen-bonding interactions with ordered water molecules in the active site ( Figure 2D ), interconnecting the αC-helix, the DFG motif and the catalytically important Glu-Lys salt bridge [36] . Molecular dynamics simulations showed that this water network is surprisingly stable, with the same water molecules remaining bound in a similar configuration for up to 100 ns in simulations, in contrast with the picosecond correlation times typical of interfacial water molecules. Interestingly, the inclusion of a Tpx2 fragment bound to AurA in the simulations was found to stabilize both the water network and the αC-helix itself, and this effect required the Q185 sidechain. This suggested that the water network constitutes an allosteric pathway for communicating the binding of Tpx2, through the αC-helix and Q185 residue, to the active site. Indeed, in subsequent experiments, substitution of Q185 with hydrophobic residues, including replacement with the leucine and methionine residues found in most other kinases (see Figure 2C ), was found to severely impair the activation of AurA by Tpx2 binding or phosphorylation. Interestingly, the activity of the mutant enzymes could be rescued by activating them with both Tpx2 and phosphorylation simultaneously. Thus, the replacement of Q185 with a canonical hydrophobic αC spine residue appears to revert AurA to a more AGC kinase-like state in which both regulatory inputs (αC-helix docking and activation loop phosphorylation) are simultaneously required for activation. This suggests that the enhanced coupling of the αC-helix to the active site mediated by Q185 may have emerged in an early ancestral Aurora kinase as a way to uncouple αC-docking and activation loop phosphorylation from one another and repurpose them for independent activation pathways.
Although polar αC spine residues are very rare in ePKs, they are not unique to Aurora kinases. At least three other ePKs have a glutamine residue at this position, and an X-ray structure of one of them, the Cancer Osaka Thyroid (COT) kinase, shows that the glutamine residue nucleates a similar water-mediated hydrogen bond network to that seen in AurA [62] ( Figure 2E ). In addition, the polo-like kinases, and several other ePKs, possess a histidine residue at this position, and crystal structures show that the histidine interacts with equivalent ordered water molecules in a similar geometry ( Figure 2E ) [63] . The polo-like kinases possess a PIF pocket-like crevice on their N-lobes, but they are not known to use this surface for protein-protein interactions. However, their activity is strictly dependent on activation loop phosphorylation -indeed, phosphorylation of the PLK1 activation loop is a key function of AurA at the centrosome [10, 11] . Although it is not known whether the histidine αC spine residue is functionally important in the PLKs, one might speculate, by analogy to AurA, that the histidine residue arose in the PLKs to stabilize the αC-helix and allow the enzymes to be activated without engagement of the PIF pocket.
The presence of a polar residue in the usually hydrophobic back pocket of some kinase active sites has important implications for inhibitor specificity. Most Aurora kinase inhibitors do not extend sufficiently far into the active site to interact with Q185, but a recently described inhibitor developed by Sanofi, SAR156497, does directly recognize this residue ( Figure 2F ) [64] . Remarkably, this compound was reported to be an exceptionally selective inhibitor of the Aurora kinases, with IC50 values below 10 nM for AurA, B and C, but >10 mM for all other kinases in a 110-kinase panel. Such a high degree of selectivity is exceedingly rare for ATP-competitive kinase inhibitors and demonstrates that recognition of unusual polar αC spine residues may be an important and relatively unharnessed source of selectivity for future drug development. Presumably the glutamine-containing COT, and the histidine-containing polo-like kinases, which are both important therapeutic targets [65, 66] , could also be selectively targeted by novel inhibitors designed to form hydrogen bonds to these residues.
Phosphorylation and Tpx2 binding enhance AurA activity by triggering distinct but complementary structural rearrangements
Most protein kinases are regulated by large-scale conformational changes that serve to reorient key elements of the catalytic machinery [25] . In particular, the catalytic DFG motif and αC-helix undergo major structural movements away from their active conformations into comparatively stable autoinhibited conformations. A common rearrangement of the DFG motif is the adoption of a so-called DFG-Out state, in which a crankshaftlike motion of the backbone of the Asp and Phe residues of the DFG motif reorients the Asp sidechain to point away from the active site, preventing the coordination of Mg-ATP. This structural change, referred to as the DFG flip, also disassembles the regulatory spine by moving the Phe residue of the DFG motif out of alignment with the other spine residues. Because the activation loop immediately follows the DFG motif in the primary sequence, the DFG flip causes the activation loop to move across the active site cleft, blocking the binding site for substrate peptides ( Figure 1A) .
The DFG-Out state is known to be the primary autoinhibition mechanism for only a small subset of protein kinases, notably several families of tyrosine kinases [67] [68] [69] , but it has been observed in X-ray structures of a much wider range of kinase families, where it is thought to be trapped by inhibitors. Indeed, because the DFG flip fundamentally alters the chemical makeup of the kinase active site, much attention has been given to how this structural change affects interactions with inhibitors, including controlling binding and release kinetics [70, 71] and determining inhibitor selectivity patterns [72, 73] .
Whether the DFG-Out state plays a functional role in AurA was unclear until very recently. Crystal structures of AurA bound to various inhibitors have shown that this kinase can adopt a variety of different DFG-Out states ( Figure 3A ) [74] [75] [76] [77] . Structures also show that AurA adopts the active DFG-In state when bound to the Tpx2 activator [28] . However, the DFG-In state is also observed in numerous structures of the kinase determined in the absence of either Tpx2 or phosphorylation on the T288 residue [78, 79] . The diversity of conformations observed in crystal structures led to confusion as to the role of these conformational changes in regulating AurA, including whether the kinase is naturally regulated by a DFG flip, and which of the various DFG-Out states captured in crystal structures might represent a genuine autoinhibited state that restrains AurA activity in vivo.
Activation of AurA by Tpx2 involves a DFG flip
These questions were recently answered in a study that used spectroscopy to track the structural movements of the kinase occurring in response to the binding of Tpx2 [36] . Using samples of AurA labeled on the activation loop and a distal surface of the kinase domain with fluorescent donor and acceptor dyes, Förster resonance energy transfer (FRET) experiments were performed that revealed a 1-2 nm movement of the activation loop upon addition of a peptide derived from Tpx2, consistent with a DFG flip coupled to a substantial structural rearrangement of the loop ( Figure 3B ). With the active conformation well established, the measured scale and direction of this structural change helped pinpoint the specific DFG-Out state adopted by AurA prior to activation by Tpx2. Most of the DFG-Out states captured in crystal structures of AurA bound to inhibitors have the activation loop displaced 3-4 nm across the active site cleft from its position in the active state ( Figure 3A) . The exception is a DFG-Out state in which a more modest movement of the DFG motif leads to a comparatively small rearrangement of the activation loop, with the labeling site predicted to move ∼1 nm ( Figure 3C ). In addition to several inhibitor complexes [77, [80] [81] [82] , this DFG-Out state is observed in a structure of AurA bound to ADP [83] , suggesting compatibility with the binding of physiological substrates and products ( Figure 3D ). The tyrosine kinase Abl has been shown to adopt a very similar DFG-Out state bound to an ATP-peptide conjugate inhibitor [84] . An interesting feature of this DFG-Out state is that the N-terminal segment of the activation loop is anchored onto the kinase domain by a series of β-sheet hydrogen bonds ( Figure 3C ), preventing the larger rearrangements of the activation loop seen in other DFG-Out states of AurA ( Figure 3A) . The hydrogen-bonding pattern is similar to that seen in the DFG-In state, but with a register shift of one amino acid in the activation loop β-strand. The register shift results in the sidechain of W277 swapping positions with the phenylalanine of the DFG motif (F275), such that the packing of the regulatory spine is partially restored ( Figure 3C ), perhaps contributing to the relative stability of this DFG-Out state.
A major advantage of the spectroscopic methods employed in these studies is the ability to probe the populations of the DFG-In and DFG-Out states in solution and how they are altered by ligand binding, information that cannot be gained from crystal structures. Indeed, the data provide a rare glimpse of the nuanced way in which allostery functions in AurA, with ligands imparting relatively small population shifts between conformational states, as opposed to the wholesale switches suggested by X-ray structures ( Figure 3E ). For instance, nucleotide binding causes a partial population shift toward the DFG-In state, such that the populations of the DFG-In and DFG-Out states change from favoring the DFG-Out state to becoming approximately equal. This coupling is presumably mediated through coordination of Mg/ATP by the DFG Asp residue ( Figure 3D) , and the participation of the nucleotide in the water-mediated hydrogen bond network discussed above ( Figure 2D ), but the strength of the coupling is surprisingly small. This may reflect a requirement for maintaining the accessibility of the DFG-Out state amidst a high concentration of ATP in the cell.
The binding of Tpx2 to AurA causes a more pronounced shift to the DFG-In state than does nucleotide binding, with the DFG-Out state becoming only minimally populated ( Figure 3E ). The discovery that Tpx2 and nucleotide both promote the DFG-In state explains why these ligands bind cooperatively to AurA, with the binding of one increasing the affinity of the other by ∼5-fold [36, 59] . The switch from the DFG-Out to the DFG-In state triggered by Tpx2 helps to switch the enzyme on by increasing the concentration of the catalytically competent state. However, since the kinase samples the DFG-In state appreciably when bound only to nucleotide, the further population shift induced by Tpx2 can explain at most a 2-3-fold increase in activity. The remainder of the ∼50-fold activation of AurA must be attributed to the allosteric effects of Tpx2 on the αC-helix and the hydrogen bond network mediated by Q185, which can be thought of as enhancing the intrinsic catalytic activity of the DFG-In state ( Figure 3F) . Thus, the DFG flip is only one part of the activation mechanism, with tuning of the DFG-In state equally if not more critical. This view is reinforced by subsequent studies of the mechanism of activation of AurA by phosphorylation, discussed below, and makes sense in the light of the close relationship of AurA to the AGC kinases, which are thought to be primarily regulated through dynamical changes to the DFG-In state [85] . Perhaps the loss of the HM in the Aurora kinases, by substantially increasing the inherent dynamics of the enzyme, made the DFG-Out state accessible for an additional level of regulatory control.
Activation of AurA by phosphorylation occurs through remodeling of the DFG-In state
Phosphorylation on T288 activates AurA in vitro to a similar degree as Tpx2 binding, giving a ∼100-fold increase in kinase activity [52, 59] . Many protein kinases are activated by phosphorylation on an equivalent site in the activation loop, and it has long been thought that this post-translational modification serves to clamp the activation loop down on the C-lobe of the kinase, trapping the kinase in the active DFG-In state [86] . Surprisingly, two recent independent studies, using different spectroscopic methods to track the activation loop, revealed that this is not the case for AurA.
One study exploited the self-quenching of tetramethylrhodamine dyes to monitor transitions between active and inactive states by single-molecule fluorescence [87] . This approach revealed that T288-phosphorylated AurA dynamically transitions between active (fluorescent) and inactive (quenched) states, much like the unphosphorylated enzyme. In contrast, Tpx2 binding was observed to cause a pronounced switch to the active state. A second study used time-resolved FRET to map the distribution of conformations sampled by the activation loop with and without phosphorylation on T288 [88] . The results showed that the activation loop of both unphosphorylated and phosphorylated AurA samples a range of conformations in solution that span the DFG-Out and DFG-In states ( Figure 3B , compare dashed and solid purple lines in the FRET distance distribution). In contrast, upon binding to Tpx2, the activation loop of both unphosphorylated and phosphorylated AurA adopts a more constrained conformation consistent with adoption of the DFG-In state ( Figure 3B , solid pink line in the FRET distance distribution). These results were corroborated using an independent experimental method, double electron-electron resonance (DEER) spectroscopy, in which the fluorescent dyes are replaced by paramagnetic spin probes. The results of the DEER experiments were fully consistent with the FRET experiments [88] , confirming that the activation loop of phosphorylated AurA adopts a range of different conformations, as observed in the unphosphorylated kinase.
These surprising results raised the question of how phosphorylation on its own activates AurA so strongly, without causing a population shift to the DFG-In state. Reasoning that the large DFG-Out subpopulation of phosphorylated AurA might be obscuring an activating structural change in the DFG-In subpopulation in their ensemble experiments, Ruff et al. [88] used a DFG-In-selective inhibitor, SNS-314, to trap AurA in the DFG-In state. DEER experiments on these samples revealed that phosphorylation on T288 indeed triggers a structural change within the DFG-In state, confirming that phosphorylation operates by altering the structure and dynamics of the DFG-In subpopulation ( Figure 4A ). Molecular dynamics simulations suggested a model for the structural transition triggered by phosphorylation ( Figure 4B ). Simulations performed on the unphosphorylated kinase lacking Tpx2, but initiated from the active DFG-In conformation, showed a strong tendency of the activation loop to refold into an alternative structure in which a short helical turn formed spanning residues P282 to R286. This effect was not observed in simulations of the kinase with phosphorylation on T288, which instead stably sample the active conformation. Because the T288 phosphorylation site lies at the C-terminus of the short helix observed in the simulations ( Figure 4B , bottom panel), phosphorylation would destabilize this autoinhibited DFG-In conformation due to unfavorable interactions with the helix dipole. This structural model is consistent with the scale of the phosphorylation-driven structural change observed in the DEER experiments ( Figure 4A ). It would appear that AurA, in addition to the DFG-Out state, employs an autoinhibited DFG-in substate for additional regulatory control. Although this was not anticipated, many other families of protein kinases, including the AGC kinase MSK1 [89] , as well as the more distantly related cyclin-dependent kinases [90] and Src-family kinases [91] , are also regulated by autoinhibited DFG-In states.
Together these studies showed that Tpx2 and phosphorylation have quite different effects on the structure and dynamics of AurA, with Tpx2 triggering a population shift from the DFG-Out to the DFG-In state and stabilizing the αC-helix and associated water network, and phosphorylation instead altering the conformation of the activation loop in the DFG-In subpopulation. A schematic representation of these differing activation mechanisms is shown in Figure 4C . The two activation pathways are highly complementary, and when AurA is activated by both Tpx2 and phosphorylation together, the dynamics of the enzyme are quenched: the kinase homogeneously adopts the DFG-In state, the activation loop is locked in the active configuration, and the αC-helix and coupled water network are maximally stabilized. This 'doubly-activated' form of AurA is found on the spindles of melanoma cells bearing mutations in the AurA-directed phosphatase PP6, and contributes to their disease pathology [18] .
Remarkably, phosphorylation of AurA on T288 by itself does not trigger a substantial population shift to the DFG-In state. While this runs counter to the canonical view that phosphorylation clamps the activation loop in the active state [26] , a recent study of the interaction between AurA and its substrate TACC3 suggests a possible explanation. TACC3 is an important regulator of microtubule dynamics at the centrosome, and its centrosomal localization, and ability to form stabilizing cross-links between microtubules, is controlled by AurA through phosphorylation on serine 558 [48, 49] . Recently, AurA was shown to use a secondary docking site on its N-lobe to efficiently recruit TACC3 and phosphorylate S558 [92] . Binding of TACC3 to this docking site also enhances the intrinsic catalytic activity of AurA, and it was postulated that this occurs through an allosteric mechanism in which TACC3 docking promotes the DFG flip. The dynamic equilibrium between DFG-Out and DFG-In states of phosphorylated AurA may be required to permit additional levels of regulatory control by substrates, potentially tuning the substrate specificity of this pool of the kinase.
The different conformational dynamics of AurA activated by either Tpx2 or phosphorylation have potential ramifications for selectively targeting the corresponding cellular pools of AurA with inhibitors. As Tpx2 enforces the DFG-In state, it might be predicted that the spindle-associated pool of AurA would be less susceptible to DFG-Out inhibitors, and more susceptible to DFG-In inhibitors. Conversely, since the phosphorylated enzyme found at the centrosome appears to still substantially sample the DFG-Out state, it is possible that this pool of AurA can be selectively targeted with DFG-Out inhibitors. Whether such selective targeting is possible with existing inhibitors remains to be seen. Further studies to dissect the extent to which particular inhibitors selectively recognize one conformational state or the other, and the way in which these preferences intersect with the differential conformational dynamics of different forms of AurA, will help address the feasibility of this goal.
A defective anchoring mechanism in the AurA activation loop may contribute to its heightened dynamics
The high degree of conformational dynamics displayed by the phosphorylated activation loop of AurA suggests that the active conformation is relatively unstable in this kinase. A comparison of the activation loops of AurA and the AGC kinases suggests that AurA is indeed missing a key structural feature that may be necessary to stabilize the active conformation.
In kinases adopting the active conformation, the activation loop is anchored onto the C-lobe of the kinase domain by two short stretches of β-sheet ( Figure 5A) ; an N-terminal anchor (anchor point 1) involves hydrogen bonds to the catalytic loop beneath it [26] , and a second anchor (anchor point 2) links the C-terminal segment of the activation loop to the loop connecting the αEF and αF helices, through two or three hydrogen bonds [93] . An important feature of the anchoring mechanism, first described in the tyrosine kinases [93] , is that the final residue of anchor point 1 projects a hydrophobic sidechain into a pocket formed by the C-lobe ( Figure 5A ). We refer to this structure as the hydrophobic latch.
Analysis of AGC kinase sequence alignments, combined with X-ray structures of members of eight different AGC kinase subfamilies, demonstrates that the hydrophobic latch is conserved in the AGC kinases as well, with isoleucine, leucine and valine being the most common latch residues ( Figure 5B ). Interestingly, there are two different classes of latch in the AGC kinases; about half the members of this family have the latch residue as the third and final residue of anchor point 1, but the remainder have a single-amino acid insertion immediately before the latch residue, usually glycine, extending the anchor point to four residues. In X-ray structures of this latter group, which includes Akt and the PKCs, the inserted residue adopts a left-handed α-helical conformation, resulting in an abrupt reversal of the direction of the polypeptide chain that positions the hydrophobic latch residue similarly to its location in the kinases lacking the insertion ( Figure 5B , compare lower panels). Left-handed α-helices are energetically disfavored for residues other than glycine [94] , and the conservation of glycine at this position suggests that evolutionary selective pressure has operated to maintain the positioning of the hydrophobic latch residue in this kinase family.
Unlike the AGC kinases, AurA has an alanine residue instead of a large hydrophobic residue at the latch position ( Figure 5B) , and the hydrophobic packing around the alanine sidechain is less extensive and less complementary than in the AGC kinases ( Figure 5C ). Thus, upon adoption of the active state, a considerably larger hydrophobic surface area is buried by the valine, leucine and isoleucine latches of the AGC kinases, than by the alanine latch of AurA. Considering common estimates for solvation free energies of these hydrophobic amino acids [95, 96] , these differences could alter the relative stabilities of the active and inactive states by as much as 1-2 kcal/mol. It is intriguing that in the other established case of a protein kinase with an alanine latch residue, the tyrosine kinase Csk, the impaired anchoring of the activation loop is responsible for the inability of the kinase to phosphorylate generic peptide substrates and the resulting specialization toward its cognate protein substrates, the Src-family kinases [93] . It is likely that the suboptimal latch residue of AurA is one of the primary reasons for the relative instability of the active conformation of the activation loop even when phosphorylated on T288, and the resulting heightened dynamics of this kinase.
Targeting disease-associated cellular pools of AurA with allosteric small molecules as novel therapeutic strategies in melanoma, neuroblastoma and prostate cancer
The studies reviewed above have highlighted the crucial importance of allostery and long-range conformational changes for the physiological regulation of AurA, begging the question of whether synthetic small molecules could be developed to exploit these allosteric properties. Indeed, the heightened dynamics of the phosphorylation-activated enzyme might render it particularly susceptible to conformational modulation with small molecules. Several recent studies have reported the identification of small molecule ligands that bind to allosteric sites on AurA and modulate kinase activity. Further development of molecules of this class could lead to novel therapies to treat several specific cancers in which AurA has recently been shown to play an important role.
Disruption of the AurA-Tpx2 interaction with small molecules
Using a high-throughput screen for molecules that displace Tpx2 from AurA, Janaček et al. identified a druglike molecule they named AurkinA that binds to part of the Tpx2-binding surface on the N-lobe of AurA [97] ( Figure 6A ). AurkinA inhibits kinase activity in a non-ATP-competitive manner and mislocalizes AurA away from the mitotic spindle in cells. Interestingly, the molecule also inhibits activation of AurA by phosphorylation in vitro. At first glance, this is somewhat surprising, because the crystal structure of AurA bound to AurkinA shows only small perturbations to the structure of the N-lobe that are mostly restricted to local rearrangements of sidechains necessary to accommodate the small molecule ( Figure 6A, bottom panel) . In light of the recent discovery that phosphorylated AurA is unusually dynamic [87, 88] , a plausible alternative mechanism is that AurkinA inhibits kinase activity by restricting catalytically important motions of the enzyme.
Another recent study involved the use of high-throughput crystallography to screen a fragment library for fragments that bind to AurA [98] . This unbiased approach led to the identification of >50 compounds that bind to allosteric pockets on AurA, and showed a striking preference for binding to the precise surfaces on the N-lobe that form the Tpx2-binding site ( Figure 6B ). The molecules cluster into three 'hotspots' on the surface that correspond to pockets occupied by large hydrophobic residues of Tpx2 when the latter is bound to AurA. Binding and inhibition studies showed that many of the compounds interfered with Tpx2 binding and activation of AurA, confirming an allosteric mode of action and validating the general approach of targeting the Tpx2-binding surface. Several of the compounds also inhibited the activity of phosphorylated AurA in the absence of Tpx2, as was observed with AurkinA, further confirming that ligands binding to this site, in addition to displacing Tpx2, may also allosterically modulate kinase activity. Interestingly, some of the compounds were found to increase rates of AurA autophosphorylation, highlighting that this allosteric coupling may be either positive or negative depending on the nature of the ligand.
Together these studies suggest that the AurA-Tpx2 interaction is surprisingly druggable, and that allosteric modulation of this interaction at the mitotic spindle is a potentially feasible goal. It will be interesting to see if compounds of this class have activity in tumor cells, particularly in cases where the spindle-associated pool of AurA is perturbed. A notable example is the ∼10% of melanomas that carry mutations in the gene encoding the catalytic subunit of the PP6 phosphatase [99] . Inactivation of PP6 in melanoma cells leads to hyperactivation of the spindle pool of AurA, which drives chromosome instability and DNA damage, and sensitizes cells to AurA inhibitors [18, 58, 100] . Allosteric inhibitors that disrupt the AurA-Tpx2 interaction represent a novel approach to targeting these melanoma tumors that may be superior to the use of conventional AurA inhibitors, as they could, in principle, spare the important functions of AurA at the centrosome. However, as discussed above, the allosteric AurA ligands discovered to date show that such an allosteric binding mode does not guarantee that the molecule will not also block activation of AurA by phosphorylation. Further progress in understanding how small molecules that target the Tpx2 binding site affect the structure and dynamics of the kinase domain may be essential to maximize the efficacy of this potential therapeutic approach.
Disruption of the AurA/N-Myc interaction in neuroblastoma and prostate cancer
In addition to its catalytic roles, AurA has recently been shown to play an essential non-catalytic scaffolding function in several cancers by stabilizing the oncogenic transcription factor N-Myc, a close homolog of the c-Myc proto-oncogene. It has long been known that the MYCN gene, which encodes N-Myc, is heavily amplified in high-risk cases of neuroblastoma [101] , and it was recently reported that similar amplification of MYCN occurs in neuroendocrine prostate cancer (NEPC), a highly aggressive treatment-resistant form of prostate cancer [20] . In cells from both of these tumor types, the binding of AurA to N-Myc protein blocks degradation of the transcription factor by the ubiquitination/proteasome machinery [19, 20] . Disruption of this complex by AurA knockdown or with small molecules can promote N-Myc degradation and cell death in cancer cell lines [19, 102, 103] .
The structural basis for the interaction between AurA and N-Myc was recently determined [104] , and revealed that a segment near the N-terminus of N-Myc binds across the activation loop of AurA, trapping the loop in the active conformation ( Figure 6C, left) . Indeed, the conformation of AurA bound to N-Myc is essentially identical with that of AurA complexed with Tpx2, and this remains the only example of a crystal structure in which AurA adopts the active conformation in the absence of Tpx2. This remarkable result explained the empirical observation that certain DFG-Out AurA inhibitors -but not DFG-In inhibitors -can promote dissociation of N-Myc from AurA [102, 103] , since they induce a conformational change of the activation loop that is incompatible with the binding mode of N-Myc ( Figure 6C , right panel). The discovery that DFG-Out AurA inhibitors can cause N-Myc dissociation and degradation raises the exciting possibility that such inhibitors could be used as novel treatments for patients with MYCN-amplified neuroblastoma and NEPC, patient populations that currently have limited treatment options. Unfortunately, most existing DFG-Out AurA inhibitors have limited capacity to displace N-Myc from AurA in vivo, with studies in cells demonstrating varying degrees of efficacy ranging from partial dissociation to no effect [102, 103] . Although clinical trials in neuroblastoma and NEPC with some of these compounds are ongoing, results from early phases suggest that responses are limited, and in some cases actually lower for NMYC-amplified patients [105] , suggesting that any efficacy is due to conventional enzymatic inhibition rather than enhanced degradation of N-Myc. Presumably most available DFG-Out AurA inhibitors, such as MLN-8054 and alisertib, have a limited energetic preference for the DFG-Out state, and so do not efficiently transduce their nanomolar binding affinity into the large conformational changes needed to block the association of N-Myc. In the case of MLN-8054, this hypothesis is supported by X-ray structures showing that the drug can bind to both the DFG-In and DFG-Out states of AurA [75] , and a recent single-molecule fluorescence study, which showed that it triggers an incomplete population shift to the inactive state in solution [87] . A greater understanding of the chemical features of an inhibitor that confer strong selectivity for the DFG-Out state could be essential to pave the way for new treatments in this area. The various emerging spectroscopic approaches for studying allosteric transitions in AurA in solution are well suited to address this question by simultaneously tracking inhibitor binding and kinase conformation. Future studies in this vein are likely to shed considerable light on the interplay between small molecule binding and kinase conformational dynamics, and may accelerate the discovery of inhibitors that selectively target individual cellular pools of AurA in disease.
Outlook
AurA possesses a composite allosteric regulatory system that reflects the enzyme's multifaceted functions in mitosis. It is informative to consider AurA as a modified AGC-family kinase, in which stabilization of the αC-helix by HM docking, and stabilization of the activation loop by phosphorylation, have been partially decoupled into separate activation pathways. It appears that this decoupling was brought about in an ancestral Aurora kinase by supplementing the regulatory spine with an additional network of polar interactions mediated by an unusual polar αC spine residue, which further link the αC-helix to the DFG motif. Studies of the two activation pathways of AurA consequently provide valuable insight into the individual effects of αC-docking and phosphorylation on kinase structure and function.
Crystal structures of the active and inactive states of protein kinases have provided much insight into their regulation, but these static snapshots do not capture important dynamic effects that mediate allostery. Much of the recent progress in understanding the regulation of AurA has been driven by new spectroscopic methods that probe kinase dynamics in solution, providing information about both the structures of individual conformational states and the populations of those states. A central conclusion is that Tpx2 binding and phosphorylation activate the kinase by different, albeit complementary, mechanisms: Tpx2 promotes a population shift from the inactive DFG-Out to the active DFG-In state, while phosphorylation instead causes a change in the structure of the DFG-In subpopulation. The complementary nature of these effects, in which the dynamics of the enzyme are suppressed when activated by both phosphorylation and Tpx2, probably reflects the fact that equivalent activation pathways function concomitantly in the AGC kinases.
Protein kinases varying widely in their degree of dependence on activation loop phosphorylation. An important insight gained from the recent studies of AurA is that phosphorylation of the kinase activation loop may in some cases only marginally stabilize the active conformation. The degree of dynamics in the kinase activation loop both before and after phosphorylation may depend heavily on the intrinsic stability of the active conformation, which can be influenced by factors such as the effectiveness of the anchor points and the identity of the hydrophobic latch residue. Differences in these latter properties among kinases are likely a driving force for determining their responsiveness to activation loop phosphorylation.
The discovery that forms of AurA with unique conformational and dynamic properties are associated with specific disease states provides an excellent opportunity for applying insights into allostery and dynamics to the development of therapeutics targeting these pathological forms of the kinase. Further study of the dynamics of disease-associated forms of AurA, particularly in complex with N-Myc, is needed to bring this goal to fruition. With the advent of effective methods for studying AurA dynamics, we would appear to be at a tipping point where advances in understanding the basic biochemical mechanisms underpinning allosteric coupling in this kinase are poised to help bring about new therapies that could substantially impact cancer patients. As these methodologies for dissecting AurA dynamics are readily applicable to other systems, the resulting insights are likely to catalyze advances in our understanding of allosteric regulation in other kinase families.
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